Abstract-Ultrasound elastography (UE) has been widely used as a ''digital palpation'' tool to characterize tissue mechanical properties in the clinic. UE benefits from the capability of noninvasively generating 2-D elasticity encoded maps. This spatial distribution of elasticity can be especially useful in the in vivo assessment of tissue engineering scaffolds and implantable drug delivery platforms. However, the detection limitations have not been fully characterized and thus its true potential has not been completely discovered. Characterization studies have focused primarily on the range of moduli corresponding to soft tissues, 20-600 kPa. However, polymeric biomaterials used in biomedical applications such as tissue scaffolds, stents, and implantable drug delivery devices can be much stiffer. In order to explore UE's potential to assess mechanical properties of biomaterials in a broader range of applications, this work investigated the detection limit of UE strain imaging beyond soft tissue range. To determine the detection limit, measurements using standard mechanical testing and UE on the same polydimethylsiloxane samples were compared and statistically evaluated. The broadest detection range found based on the current optimized setup is between 47 kPa and 4 MPa which exceeds the modulus of normal soft tissue suggesting the possibility of using this technique for stiffer materials' mechanical characterization. The detectable difference was found to be as low as 157 kPa depending on sample stiffness and experimental setup.
INTRODUCTION
Mechanical properties are one of the physical properties of biomaterials that have gained growing recognition for their capability of regulating cell and tissue response. 20, 21 Such responses include mesenchymal stem cells (MSCs) demonstrating different morphologies when cultured on substrates with varying moduli, 6 muscle cells, epithelial cells, and endothelial cells showing increased proliferation on stiffer substrates, 1, 2, 11 and neurons showing greater proliferation on softer substrates. 1, 5 In addition, varying elasticity of a cell substrate was found to improve the non-viral gene delivery in murine pre-osteoblasts. 17 These above examples suggest that the capability to measure the mechanical properties of biomaterials is essential for development of drug delivery platforms and tissue engineering scaffolds. Currently available methods for mechanical property evaluation involve direct mechanical measurements, which require animal sacrifice and sample destruction, hence many animals and samples need to be prepared for a time course experiment. Ideally, a non-invasive tool with the capability of measuring the mechanical properties of the same sample over time needs to be developed. Ultrasound elastography has been found to be a valuable non-invasive and, importantly, nondestructive tool to characterize tissue mechanical properties, the changes of which may be related to various pathological conditions such as vascular disease, 3, 4 cancer 9, 12, 14, 15, 32 and chronic liver diseases. 30 This is due to the fact that soft tissue elasticity depends on tissue composition such as collagen, fat, etc. and the macroscopic and microscopic structure of these compositions. In research the noninvasive and nonde-structive nature of UE can be extremely helpful. This is because by using UE, the amount of animals used can be reduced without sacrificing them. Longitudinal analysis of a single sample over time is possible because samples won't be destroyed during measurements. In addition, broad batch to batch and animal to animal variations can be reduced.
The elasticity estimation using the UE method is based on certain simplifications and assumptions. 26 Strictly speaking, tissue is inelastic. It does not meet the definition of an elastic material, which requires a linear relationship between stress and strain. Soft tissues exhibit viscoelastic properties such as hysteresis, stress relaxation, and creep. 8 For time scales shorter than the characteristic time of fluid motion, simplifications and assumptions such as uniaxial applied stress and linearity between acting force and tissue deformation can be applied to approximate this biomechanical problem. 8, 10, 22, 25, 26 The above simplifications and assumptions may also be applied when assessing the mechanical properties of biomaterials such as hydrogels, cell containing tissue scaffolds, 16 ,31 drug delivery implants, 33 etc. Because the majority of these biomaterials absorb water or body fluid when interacting with human tissue, the materials exhibit viscoelastic properties. 13, 27, 29 Different methods have been developed to assess the mechanical properties of biological tissue. Among them, transient elastography has advantages such as non-dependence on the boundary conditions and providing direct shear modulus measurements. However, the high speed shear waves reflected from harder samples make it difficult to differentiate the shear wave from the bulk wave, thus limiting the capability of transient elastography to detect stiff samples. 7 In this study, we are focusing on a quasi-static method (strain imaging). In strain imaging, the sample is subject to an external compressive stress, typically freehand compression by clinicians, and the ultrasound system tracks and measures the local deformation induced by this stress. Due to the quasi-static nature of the applied stress, the generalized viscoelastic equation of motion (1) can be a simplified Hookean Eq. (2) . Since x = 0 and x is a constant, the velocity and accelerations vanish.
where M, R and K are inertial, viscous, and stiffness controlled terms respectively, x is displacement, F 0 is amplitude of force, and x is vibrational frequency.
In order to track and measure the local responsive deformation of the tissue, either an A-line cross-correlation method 23 or a tissue Doppler method can be used. 19 To the best of the authors' knowledge, the only characterization studies 7, 24 done with strain imaging focused on moduli within the range of soft tissues from 20 kPa, a typical value of soft tissues such as liver or breast, 18 to 600 kPa, a typical value for harder tissues such as arteries. 28 In the study conducted by Fromageau et al.,
7 a modulus to modulus comparison was made between the strain imaging method and a standard mechanical tension test. Young's modulus estimation from strain imaging was obtained by calculating the slope of stress-strain curve in which the strain distribution was acquired using strain imaging, and stress was found from the recorded force applied over a known area. 7 In this study, the Young's modulus of polydimethylsiloxane (PDMS) samples was measured using unconfined compression mechanical testing as a goldstandard reference. In order to test strain imaging's capability of differentiating samples with various moduli within and beyond the soft tissue range, PDMS samples from 47 kPa to 4 MPa were prepared and tested using both standard mechanical testing and strain imaging. A custom made stage was used to introduce uniform compression conditions to samples at the same time during strain imaging. The detection limit was determined by statistically evaluating a direct strain to modulus comparison between strain imaging and the unconfined compression test. The applied compression and the mechanical properties of the material surrounding the sample were varied and found to affect the detection limit.
MATERIALS AND METHODS

PDMS Sample Fabrication
PDMS samples of varying elastic moduli were made using the Sylgard 184 Silicone Elastomer Kit (Fisher Scientific, Waltham MA) by varying the concentration of curing agent and curing time. Samples ranged between 2.5 and 12% wt.% of curing agent and 1 to 1.5 h curing time ( Table 1 ). 3% of Carbon black (Fisher Scientific, Waltham MA) was added to the elastomer solutions as a scattering agent. PDMS solutions were mixed and degassed in vacuo for 10 min before being poured into a petri dish to a thickness of 2.5 mm and cured in an oven at 60°C for the designated time. Once cured, a 3 mm biopsy punch was used to cut out samples in a disk shape for use in mechanical and UE testing. In order to reduce the effect of sample shape, and therefore boundary conditions, on the scan result of strain imaging, three samples were manufactured within each modulus group. Both strain imaging and standard mechanical test were performed on the same samples.
Phantom Preparation
Stock solutions with a ratio of acrylamide to bisacrylamide of 37.5:1 (Fisher Scientific, Waltham MA) and acrylamide concentration from 4 to 32% (w/v) in 19 PBS solution were prepared to fabricate tissue mimicking phantoms of different moduli. Titanium dioxide was added as a scattering agent to more clearly define the boundaries between the phantom and samples when performing ultrasound elastography. The polyacrylamide solutions were crosslinked by free radical polymerization using 1.7 and 0.1% (v/v) of tetramethyl ethylenediamine (TEMED, Fisher Scientific, Waltham MA) and ammonium persulfate (APS, Fisher Scientific, Waltham MA), respectively. The phantoms were manufactured in plastic molds with two polyacrylamide gel layers. 100 ml of the above mixture was stirred and poured into the plastic phantom mold to form the first layer. After the first layer gelled, the PDMS samples were placed and lined up on the gelled polyacrylamide. The second 100 ml acrylamide mixture was then poured on top of the first layer, embedding the PDMS samples. The complete PDMS embedded phantom fabrication process can be seen in Fig. 1 .
Mechanical Testing
PDMS Samples
The Young's modulus of the PDMS samples was determined by unconfined compressive mechanical testing using a rheometer (Rheometrics RSAII, NJ).
Samples were loaded with increasing compressive nominal strain. Thereby, nominal strain e and nominal stress o¢ are defined as
with L and L0 being the heights in the loading direction of the deformed and the un-deformed sample, respectively, and with F and A being the force at the interface in the loading direction and the cross-sectional area of the interface perpendicular to the loading direction, respectively. A strain rate of 0.01/s was used.
Testing time was optimized for each sample in order to obtain at least 30% strain. The Young's modulus was determined by the strain-stress curve generated from the instrument. To assure consistent contact between the compressing probe and PDMS sample, a threshold of 0.1 N was used to generate the stress-strain measurement. Measurements with associated force less than 0.1 N were discarded. The measurements with strain greater than 20% were also removed due to high deformation of the PDMS samples. A first order polynomial fit was used to determine the linear region of the stress strain curve for modulus calculation. The Young's modulus (E) was determined by finding the slope of the linear region of the stress strain curve (Eq. (6)).
Polyacrylamide Hydrogels
To find the optimal phantom composition and therefore modulus, acrylamide samples were made using the method listed previously. Samples were made in various percentages ranging from 4 to 32% acrylamide (v/v). The Young's modulus of these polyacrylamide samples was then measured using the Curing agent ratio = curing agent/elastomer base. (n = 3 for each curing agent ratio).
punch out and mechanical testing procedure described previously.
Strain Imaging
Strain imaging was performed using a Toshiba clinical ultrasound system, AplioXG SSA-790A (Toshiba Medical Imaging Systems, Otawara-Shi, Japan), with a linear array transducer centered at 12 MHz. To perform the measurements the ultrasound transducer was fixed to a laboratory designed stage, and a linear actuator was used to induce uniform strain. This computer programmable linear actuator provided repeatable displacement. Since the ultrasound transducer was fixed, samples between transducer and linear actuator were compressed by pushing up from below. Figure 2 illustrates the UE scan setup. In order to ensure contact between transducer and polyacrylamide phantom, a 10% prestrain in reference to thickness of the phantom was applied. During the scan, a compression cycle composed of 3 compressions and 3 dilations was induced. A time frame Tissue Doppler Tracking (TDT) algorithm was used to calculate axial strain. 19 Color Doppler Imaging (CDI) frequency was set at 8.8 while velocity scale was 0.3 cm/s to accommodate the maximum value of the velocity profile. Velocity smoothing was used to optimize the strain calculation. After the scan, a color coded strain map was generated and superimposed on top of the B-mode image. The regions of interest (ROI) were chosen based solely on the B-mode images to remove potential operator dependent bias. The color map range was chosen to be the same for all recorded data. The size of the ultrasound transducer allowed for testing of 4 PDMS samples per scan. Therefore a total of 12 samples were separated into 3 groups. PDMS samples embedded in two tissue mimicking phantoms of different moduli (stiff and soft) were scanned with UE to examine the effect of the surrounding environment on the detection limit of the strain imaging technique. Different degrees of compression (1 and 3 mm) were applied by the distance controlled linear actuator to also investigate its role in the detection limit of this UE technique.
Statistics
Unless otherwise noted, all data is presented as mean ± standard deviation. The strain output from strain scans in response to uniform compression conditions was evaluated using one way analysis of variance (ANOVA) then subjected to Tukey's HSD (honestly significant difference) test. The alpha value was set at 0.05 with significance defined as P < 0.05. The P value for each individual comparison was calculated using a t test with Bonferroni's correction. In order to avoid batch effect, the statistical analysis was FIGURE 1. PDMS sample fabrication process. PDMS elastomer and curing agent were combined with carbon black. The mixture was poured into a petri dish to obtain a 2.5 mm thickness layer. The mixture was then cured in the oven at designated temperature. The PDMS disks were made using a 3 mm biopsy punches. The disk shape PDMS samples were embedded in the middle of the tissue mimicking phantom for strain imaging scans and mechanical testing. The tissue mimicking phantoms were about 2 cm thick.
performed on the group of four samples, which were scanned simultaneously.
RESULTS
Mechanical Tests
Acoustic Scattering PDMS Samples As described above, twelve groups of PDMS disks (n = 3, 5.0 mm diameter, 2.5 mm height) were fabricated for use in both standard compressive mechanical testing and strain imaging. For samples tested in unconfined compression a nonlinear relationship between stress and strain was found (Fig. 3) . Therefore Young's moduli of the samples were calculated using the linear region of the stress-strain curve as earlier described. The mechanical testing results are summarized in Table 1 . The reproducibility of the mechanical properties of PDMS samples was also evaluated and found to be satisfactory, with an average standard deviation of 3.44%.
Polyacrylamide Tissue Mimicking Phantoms
The same analysis was done on the strain-stress curves of the polyacrylamide phantom materials. The elastic moduli of phantoms with varying acrylamide concentration are shown in Fig. 4 . The range of moduli was found to be 4-650 kPa using mechanical testing. 10 and 15% acrylamide concentrations were chosen to manufacture phantoms with tissue relevant Young's moduli, namely normal breast tissue (50 k Pa) and cancerous breast tissue (100 kPa), respectively.
Ultrasound Elastography (UE)
The PDMS samples were scanned using both strain imaging and B-mode imaging simultaneously. The accumulated strain in reference to the original geometry of each sample was imaged together with B-mode scan. The resulting color-coded strain maps were superimposed onto the B-mode scan image (Fig. 5) . In this figure, the top row is a pure B-mode image and the bottom row is a strain map superimposed on the Bmode image. The color scale bar on the right of Fig. 5 indicates the accumulated strain; deep blue to dark red color is indicating strain from low to high. A general decrease of strain was observed on PDMS samples from sample 1 to sample 12 (with increasing modulus) while an increased strain was observed on the surrounding phantom highlighted in the white box in Fig. 5 .
Strain Data and Statistics Evaluation
The strain data is presented in Fig. 6 . As expected with increasing sample modulus, a decreased strain Table 1 ). was observed with strain imaging. The average strain was greater under 3 mm displacement as compared to 1 mm displacement. In Fig. 6 , the boxes depict the soft (47-667 kPa), medium (854-2229 kPa), and stiff (2935-4224 kPa) groups of PDMS samples that were scanned simultaneously. The Young's modulus range of each group is also highlighted. A one way ANOVA followed by Tukey's HSD (honest significant difference) test was used to compare average strain of PDMS samples within each group. The statistically significant differences decreased with increasing PDMS samples stiffness. For example, three, one and one comparison was found to be statistically significant in soft, medium and hard PDMS sample group, respectively, when performing strain imaging in soft phantom with 1 mm compression (Fig. 6a) . The statistically significant differences were found to be different when using different phantom stiffness and compressions. Within soft phantoms, 5/9 and 6/9 comparisons were found to be statistically significant with 1 mm and 3 mm compression, respectively (Fig. 6a) . In contrast 8/9 and 9/9 statistically significant differences were found in the stiff phantom with 1 and 3 mm compression, respectively (Fig. 6b) .
The comparison p values were calculated via a one way ANOVA with Bonferroni's correction and are presented in Table 2 . More statistically significant differences were seen from scans done in stiff phantoms when compared to soft phantoms. Interestingly, p values were found to be smaller when comparing 3 to 1 mm compression in both phantom environments. The modulus differences between successive pairs of samples is summarized in Table 2 . The average modulus differences were calculated to be 206 ± 49 kPa, 458 ± 115 and 430 ± 70 kPa for modulus range 47-667, 854-2229 and 2935-4224 kPa, respectively.
Modulus and Strain Correlation
To evaluate the capability of strain imaging for differentiating samples with various moduli, Young's modulus and 1/strain were correlated using a linear regression model fitted using the least squares approach. The correlation result is shown in Fig. 7 . A linear relationship between elastic modulus and 1/ strain was observed. Scan results taken in stiff phantoms showed a stronger correlation with R 2 = 0.9844 and R 2 = 0.9644 for 1 mm and 3 mm compression condition respectively. A weaker linear relationship was seen in soft phantoms with R 2 = 0.8276 and R 2 = 0.8186 for 1 mm and 3 mm compression respectively.
DISCUSSION
As discussed in the introduction, strain estimation in this study is based on the assumption that the viscoelastic properties of PDMS samples can be neglected due to the fact that the characteristic time in strain imaging is shorter than the relaxation time of PDMS. The prepared PDMS samples have a modulus range between 47 kPa and 4 MPa, which covers most soft tissues and also exceeds soft tissue stiffness range. By statistically comparing strain imaging data to standard mechanical testing data, it was found that the detection limit of strain imaging can exceed the soft tissue range, up to 4 MPa, with detectable difference as low as 157 kPa depending on sample stiffness and experimental setup. Phantom stiffness and compression conditions were both found to effect the detection limit. A concentration-dependent stiffness change of the polyacrylamide tissue mimicking phantom was also observed. 50 and 100 kPa were selected to examine the effect of environment mechanical properties on the detection limit of the strain imaging technique. 50 and 100 kPa were also relevant to soft tissue modulus, mimicking breast tissue and cancerous breast tissue respectively (Fig. 4) .
In strain imaging scans, a decreased strain was observed from sample 1-12 in both types of tissue mimicking phantom setups as well as under both compression conditions due to the fact that stiffer PDMS materials have a smaller degree of deformation response when experiencing the external compression force. It is important to notice that the statistical analysis was performed on four samples as a group, which were scanned simultaneously by strain imaging. This is to avoid the batch effect of the samples that were not scanned at the same time. The PDMS samples with lower modulus, ranging from 47 to 667 kPa, were more clearly differentiated by strain imaging, as all three comparing differences were statistically significant. However, stiffer samples in the range of 854-2229 and 2935-4224 kPa were more difficult to differentiate, as only one difference was found to be statistically significant in these two groups. Nonetheless, phantom stiffness and compression conditions were both found to affect the detection limit. When comparing strain results between the two tissue mimicking phantom setups, more statistically significant differences were found in the stiffer phantom environment (Fig. 6 and Table 2 ), which suggests a better capability to differentiate sample stiffness, thus an improved detection limit. This finding can be explained by a Hookean model of three springs, phantom, PDMS sample and phantom, in series. The PDMS samples will experience a greater deformation under the same total displacement when the spring constant of the phantom increases. This increased deformation produces a higher strain in the PDMS sample that can be picked up by ultrasound strain imaging, thus improving the detection limit. However, very similar strain values were observed when comparing stiff phantom data to soft phantom data (Fig. 6 ).
We attribute this to the fact that most of the PDMS samples were much stiffer than both soft and stiff phantom material, and the thickness of PDMS samples was much smaller than the phantom thickness. Thus, most of the strain was still taken by the compliant phantom materials. An improved detection limit was also found by applying a greater compression. This is because the total displacement of both phantom and PDMS sample was increased by the higher compression. And thus, the deformation of PDMS samples can be increased and more easily detected by strain imaging. Combining both methods in the above discussion, the detection limit of ultrasound strain imaging can reach the range of 47 kPa-4 MPa with optimized scan setup. This detection limit exceeds the range of the soft tissue, suggesting the possibility of using this technique for the characterization of mechanical properties of stiffer biomaterials.
A linear relationship was observed between Young's modulus and 1/strain with a high correlation coefficient in both soft phantom (R 2 = 0.8186 and R 2 = 0.8277) and stiff phantom (R 2 = 0.9928 and R 2 = 0.9592), suggesting the possibility of using strain to quantitatively reflect the mechanical properties of test samples by controlling the testing conditions. The correlations with the stiff phantom were found to be better than the soft phantom. This suggests that environment mechanical property affects the capability of strain imaging to detect stiffness differences. Surrounding environment with higher modulus seems to be preferable. One of the challenges associated with detecting very stiff materials is the possible high stress that needs to be exerted on the tissue surface in order to produce detectable strain in the sample. This could lead to significant patient discomfort and thus prevent the technique from being applied clinically. In future studies, an in depth investigation of the stress generated on the transducer-subject interface during the scan needs to be carried out to generate conclusive results.
The capabilities of applying ultrasound strain imaging to the evaluation of biomaterials with a wide range of stiffness has been evaluated by comparing strain imaging results to standard mechanical test results. The detection limit of this technique was found to be as high as 4 MPa, which exceeds the soft tissue stiffness, suggesting the possibility that this technique can indeed be appropriate for assessing mechanical properties of biomaterials. The detectable difference was found to be as low as 157 kPa depending on sample stiffness and experimental setup. Testing setup such as phantom stiffness as well as compression conditions were examined and recommend to improve the detection limit strain imaging.
